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Cosmic-ray anti-deuterium and anti-helium have long been suggested as probes of dark matter, as
their secondary astrophysical production was thought extremely scarce. But how does one actually
predict the secondary flux? Anti-nuclei are dominantly produced in pp collisions, where laboratory
cross section data is lacking. We make a new attempt at tackling this problem by appealing to a
scaling law of nuclear coalescence with the physical volume of the hadronic emission region. The
same volume is probed by Hanbury Brown-Twiss (HBT) two-particle correlations. We demonstrate
the consistency of the scaling law with systems ranging from central and off-axis AA collisions to
pA collisions, spanning 3 orders of magnitude in coalescence yield. Extending the volume scaling
to the pp system, HBT data allows us to make a new estimate of coalescence, that we test against
preliminary ALICE pp data. For anti-helium the resulting cross section is 1-2 orders of magnitude
higher than most earlier estimates. The astrophysical secondary flux of anti-helium could be within
reach of a five-year exposure of AMS02.
Introduction. Composite cosmic-ray (CR) anti-nuclei
like anti-deuterium (d¯) and anti-helium (3He) have long
been suggested as probes of dark matter [1–11], as their
secondary astrophysical production was thought to be
negligible [12–16]. But how does one actually predict the
secondary flux? Astrophysical anti-nuclei are dominantly
produced in pp collisions, for which laboratory cross sec-
tion data is scarce or altogether absent.
We make a new attempt at tackling this problem by
appealing to a scaling law of nuclear coalescence with the
physical volume of the hadronic emission region. The
same volume is probed by Hanbury Brown-Twiss (HBT)
two-particle correlation measurements [17, 18]. A com-
mon tool in heavy ion collision studies [19–24], the HBT
method owes its acronym to the inventors of intensity in-
terferometry, utilised in the 50’s for the first angular size
determination of a star outside the solar system using
two US navy spotlights as light buckets [25, 26]. In this
paper we redirect the HBT idea back to astrophysics, this
time in connecting accelerator data to anti-nuclei CRs.
We show that the scaling law applies to systems rang-
ing from central and off-axis AA collisions to pA and pp
collisions, spanning 3 orders of magnitude in coalescence
yield. Guided by HBT data we make a new estimate
of the pp → 3He cross section, that we validate against
preliminary ALICE pp data.
Our results for the p¯, d¯, and 3He flux are summarised
in Fig. 1. The predicted 3He yield is 1-2 orders of magni-
tude higher than most earlier estimates [12–16] and the
flux could reach, within uncertainties, the expected 5-yr
95%CL flux upper limit estimated for AMS02 prior to its
launch [27].
The outline of the paper is as follows. We begin by
calculating the secondary p¯ flux, demonstrating along
the way that the astrophysical details of CR propagation
are irrelevant for the calculation of stable, relativistic,
secondary CR (anti-)nuclei like p¯, d¯ and 3He. The
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FIG. 1: Predicted flux of p¯, d¯, 3He. AMS02 p¯ data is taken
from Ref. [28]. AMS02 d¯ flux sensitivity (5-yr, 95%CL) in
the kinetic energy range 2.5-4.7 GeV/nuc, as estimated in
Ref. [11], is shown in solid line. AMS02 3He flux sensitivity
(5-yr, 95%CL), derived from the 3He/He estimate of Ref. [27],
is shown in dashed line.
challenge, instead, is in computing the production cross
sections. Invoking the HBT-coalescence relation, we
derive new estimates for the d¯ and 3He yield in pp col-
lisions, forming the basis of our results in Fig. 1. Many
details are reserved to the Appendices: A. accelerator
data analysis; B. comparison to previous work; C. phase
space calculations; D. comments on the p¯p secondary
source; E. benchmark fragmentation cross sections.
CR p¯: the Galaxy is a fixed-target experiment.
CR p¯, d¯ and 3He are produced as secondaries in collisions
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2of other CRs, notably protons, with interstellar matter
(ISM), notably hydrogen in the Galaxy. While the de-
tails of CR propagation are unknown, the confinement in
the Galaxy is magnetic and thus different CR particles
that share a common distribution of sources exhibit simi-
lar propagation if sampled at the same magnetic rigidity
R = p/Z. It is therefore natural to gauge the propa-
gation of CR anti-nuclei from that of secondary nuclei
like boron (B), formed by fragmentation of heavier CRs.
For such secondaries, the ratio of densities of two specie
a, b satisfies an approximate empirical relation, valid at
relativistic energies (R & few GV) [29–31],
na(R)
nb(R) =
Qa(R)
Qb(R) . (1)
Here Qa denotes the net production of species a per unit
ISM column density,
Qa(R) =
∑
P
nP (R)σP→a(R)
m
− na(R)σa(R)
m
, (2)
where σa/m and σP→a/m are the total inelastic and the
partial P → a cross section per target ISM particle mass
m, respectively. These cross sections can (and for p¯, d¯
and 3He, do) depend on energy. In Eq. (2) we define
these cross sections such that the source term Qa(R) is
proportional to the progenitor species density nP (R) ex-
pressed at the same rigidity.
Eq. (1) is theoretically natural, in that it is guaran-
teed to apply if the relative composition of the CRs (not
CR intensity, nor target ISM density) in the regions that
dominate the spallation is similar to that measured lo-
cally at the solar system [31, 32], and as long as no sig-
nificant energy gain/loss occurs during propagation. Re-
stricting our analysis to R ≥ 5 GV, we expect Eq. (1)
to be accurate to order 10% or so, as demonstrated by
nuclei data [29–31, 33].
Eq. (1) is useful because we can use the measured flux
of B, C, O, p, He,... to predict, e.g., the p¯ flux [31, 33, 34]:
np¯(R) = nB(R)
QB(R)Qp¯(R). (3)
The RHS of Eq. (3) is derived from laboratory cross sec-
tion data and from direct measurements of local CRs,
without reference to any detail of propagation.
The quantity
Xesc(R) = nB(R)
QB(R) , (4)
known as the CR grammage, measures the column den-
sity of ISM traversed by CRs. We combine AMS02
B/C [35] and C/O [36] with heavier CR data from
HEAO3 [29] and with laboratory fragmentation cross sec-
tion data (see e.g. [37]), to derive Xesc directly from mea-
surements:
Xesc =
(B/C)∑
P=C,N,O,... (P/C)
σP→B
m − (B/C)σBm
. (5)
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FIG. 2: Observed p¯/p ratio [28] vs. the secondary predic-
tion. Wiggles in the theory curve come from our direct data-
driven use of the CR grammage, and reflect fluctuations in
the AMS02 B/C data [35]. Thick line is the secondary pre-
diction with input cross sections detailed in App. E, while
thin lines show the response of the prediction for variation
in (i) pp → p¯ cross section within ±20%, (ii) fragmentation
cross section p12C→11B within ±20%, (iii) variation in the
solar modulation parameter in the range Φ = (0.2− 0.8) GV.
Our result for Xesc agrees with the power-law approxi-
mation derived in Ref. [33] to 20% accuracy.
Now that we have Xesc, we use the p¯ production and
loss cross sections parametrised in [38, 39] (applying the
correction in [40]) together with measurements of the pro-
ton and helium [41, 42] flux to calculate Qp¯ and apply it
in Eq. (3). Solar modulation is included as in [30] with
Φ = 450 MV. The result is compared to data in Figs. 1-2.
Figs. 1-2 demonstrate that the p¯ flux measured by
AMS02 [28] is consistent with secondary production [33].
Beyond this fact, they also demonstrate that – as far as
relativistic, stable, secondary nuclei and anti-nuclei CRs
are considered – the Galaxy is essentially a fixed-target
experiment. Having calibrated the set-up on one species
(B), one can calculate the flux of other secondaries
directly from particle physics cross sections. The prob-
lem of predicting the anti-nuclei CR flux is therefore
decoupled from the modelling of propagation and is
reduced to calculating the relevant cross sections, to
which we attend next.
Calibrating coalescence with HBT correlations.
We use a coalescence ansatz [43–45] relating the forma-
tion of composite nucleus product with mass number A
to the formation cross section of the nucleon constituents:
EA
dNA
d3pA
= BAR(x)
(
Ep
dNp
d3pp
)A
, (6)
where dNi = dσi/σ is the differential yield, σ is the total
3inelastic cross section, and the constituent momenta are
taken at pp = pA/A.
The factor R(x), with x =
√
s+A2m2p − 2
√
sE˜A and
E˜A the centre of mass product nucleus energy, is a phase
space correction that we define as in [46]. This becomes
necessary in order to extend the coalescence analysis
down to near-threshold collision energies, important for
the astrophysics as well as for low energy laboratory data.
Details on the derivation of R(x) are given in App. C.
BA, the coalescence factor, needs to be extracted from
accelerator data. However, experimental information on
d¯ and 3He production is scarce and, in the most part,
limited to AA or pA collisions. For pp collisions, the most
relevant system for CR astrophysics, no quantitative data
exists for pp→ 3He, and the data for pp→ d¯ is sparse.
Faced with this problem, previous estimates [12–16] of
the secondary CR d¯ and 3He flux made two key simpli-
fying assumptions:
1. Coalescence parameters used to fit pp → d¯ data
were translated directly to pp → 3He. More pre-
cisely, the coalescence factor BA was converted to
a coalescence momentum pc, via
A
mA−1p
(
4pi
3
p3c
)A−1
= BA. (7)
The value of pc found from pp→ d¯ accelerator data
was then assumed to describe pp→ 3He.
2. The same coalescence momentum was sometimes
assumed to describe both pA→ d¯ and pp→ d¯.
In what follows we give theoretical and empirical evi-
dence, suggesting that both assumptions may be incor-
rect. To do this, we make an excursion into the physics
of coalescence.
The role of the factor BA is to capture the probability
for A nucleons produced in a collision to merge into a
composite nucleus. It is natural for the merger probabil-
ity to scale as [47–49]
BA ∝ V 1−A, (8)
where V is the characteristic volume of the hadronic
emission region. A model of coalescence that realises
the scaling of Eq. (8) was presented in Ref. [17]. A key
observation in [17] is that the same hadronic emission
volume is probed by Hanbury Brown-Twiss (HBT) two-
particle correlation measurements [18]. Both HBT data
and nuclear yield measurements are available for AA and
pA systems, allowing a test of Eq. (8).
Ref. [17] proposed the following formula for the coales-
cence factor,
B3 =
(2pi)
3
4
√
3
〈C3〉 (mtR1R2R3)−2 . (9)
Here, mt is the transverse mass and Ri are the mt-
dependent HBT scales characterising the collision. For
concreteness we focus on A = 3, but the treatment of
A = 2 is analogous. The quantity 〈C3〉 expresses the
finite support of the 3He wave function. It may be esti-
mated via
〈C3〉 ≈ Πi=1,2,3
(
1 +
b23
4R2i
)−1
, (10)
where b3 ≈ 1.75 fm is the 3He nucleus size. For pt .
1 GeV, setting Ri ≈ R, we have
B3
GeV4
≈ 0.0024
((
R(pt)
1 fm
)2
+ 0.8
(
b3
1.75 fm
)2)−3
(11)
The extension to deuterium, with nucleus size b2 =
3.2 fm, is given by
B2
GeV2
≈ 0.068
((
R(pt)
1 fm
)2
+ 2.6
(
b2
3.2 fm
)2)− 32
(12)
The coalescence factor in AA, pA, and pp collisions,
presented w.r.t. HBT scale deduced for the same sys-
tems, is shown in Fig. 3. The data analysis entering into
making the plot is summarised in App. A. The data is
consistent with Eqs. (11) (bottom panel) and (12) (top
panel), albeit with large uncertainty.
HBT data for pp collisions [19, 20, 50] suggest R in the
range 0.5 − 1.2 fm, indicated by letters in both panels
of Fig. 3. For pp → d¯, direct measurements from the
ISR [51–53] give
B
(pp)
2 = (0.75− 2.4)× 10−2 GeV2. (13)
As seen in the top panel of Fig. 3, this result is consistent
with the intersect of Eq. (12) with the specified range of
R. (As done in Refs. [13–15], we discard here the high-pt
data from Serpukhov [54] and only show it in Fig. 3 for
completeness. Details can be found in App. A.)
For pp → 3He we do not have direct experimental in-
formation. We therefore extract a rough prediction of
B3, by taking the intersect of Eq. (11) with the two ends
of the relevant range for R. This gives the following order
of magnitude estimate:
B
(pp)
3 = (2− 20)× 10−4 GeV4 (HBT− based),(14)
marked by the two horizontal dashed lines in the bottom
panel of Fig. 3.
Results from the ALICE experiment allow us to make
a preliminary test of Eq. (14). Ref. [55] reported 20 3He
and 20 t in the ALICE pp
√
s = 7 TeV run, corresponding
to luminosity L ≈ 2.2 nb−1 with a pseudo-rapidity cut
|η| < 0.9 and with no further pt cut1. The pt-dependent
1 We thank Natasha Sharma for clarifying the experimental pro-
cedure.
40 1 2 3 4 5 6
 R [ fm ]
10-4
10-3
10-2
10-1
 B
2
 [
 G
eV
2
 ]
pp pA AA
Eq. (12)
pp ISR 53 GeV 
√
s
pp Serpukhov 11.5 GeV 
√
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pAl/Be SPS 200-240 GeV plab
pBe FNAL 300 GeV plab
pTi FNAL 300 GeV plab
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√
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pp ALICE 7 TeV 
√
s  (preliminary)
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PbPb Central ALICE 2.76 TeV 
√
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√
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√
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√
s  low pt
PbPb Central NA44/NA49 158A GeV 
√
s
AuAu Central STAR 200 GeV 
√
s
pp pA
FIG. 3: Coalescence factor B2 (Top) and B3 (Bottom) vs.
HBT radius. The prediction of Eqs. (11-12) is shown as solid
line. Details of the data analysis are given in App. A. (Boxes
denote systems for which the coalescence factor and the HBT
radius are taken from different data sets.)
efficiency for 3He detection was given in [56]. In Fig. 4 we
use these parameters to calculate the expected number
of 3He or t events and compare with data. The result
supports a coalescence factorB
(pp)
3 ≈ (5−8)×10−4 GeV4,
in agreement with Eq. (14). A dedicated analysis by the
ALICE collaboration is highly motivated.
CR anti-helium. Two channels produce a final state
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FIG. 4: Analysis of ALICE pp data [55, 56]. The number
of observed 3He events is shown as horizontal band with 1σ
Poisson range. Eq. (14) is shown by the vertical band. The
expected number of events as function of B3, imposing the
kinematical cuts and efficiency reported for the analysis, is
shown by the red line.
3He: direct pp→ 3He and pp→ t with subsequent decay
t → 3He. The first channel should suffer some Coulomb
suppression with a Gamow factor that can be estimated
by fcoul ∼ e−
piαmp
pc . Eq. (14) suggests pc ∼ 0.1−0.2 GeV,
leading to fcoul ∼ 0.8− 0.9. This is supported by experi-
mental results on the relative yield 3He/t [55–57] that are
consistent with fcoul ∼ 1. (Ref. [58] reported 3He/t < 1;
however, the 3He/t data from the same publication show
an opposite trend, 3He/t ≥ 1.) In what follows, for con-
creteness we focus on pp → t but we include a factor of
2 increased yield from the direct pp→ 3He channel.
Combining Eq. (14) with the pp→ p¯ production cross
section2 [38, 39], we use Eq. (6) to obtain the differential
cross section Et
dσpp→t
d3pt
= σppEt
dNt
d3pt
, where σpp is the
total inelastic pp cross section [60, 61]. The effective
production cross section to be used in Eq. (2) is then
σpp→3He(R) = 2
∫ ∞

dp
np(p)
np(R)
dσpp→t(p, )
d
, (15)
where
dσpp→t(p, t)
dt
= 2pipt
∫
dcθ
(
t
dσpp→t
d3pt
)
. (16)
The final state rigidity and energy are related by 4R2 =
2 − 9m2p. For the inelastic cross section of 3He, entering
the loss term in Eq. (2), we use the p¯ cross section [38]
multiplied by 3.
2 A 19% hyperon contribution to the p¯ cross section [59] is sub-
tracted, assuming that coalescence feeds only on prompt p¯ and
neglecting the contribution from 3ΛH decay.
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FIG. 5: Poisson probability for detecting N ≥ 1, 2, 3, 4 3He
events in a 5-yr analysis of AMS02, assuming the same expo-
sure as in the p¯ analysis [28]. Eq. (14) shown as green band.
The resulting 3He flux is plotted in Fig. 1. A pre-
launch estimate of the 18-yr 95%CL 3He flux upper limit
accessible with AMS02 was given in Ref. [27] in terms of
the 3He/He flux ratio. In Fig. 1, in dashed line, we plot
this expected upper limit sensitivity, scaled to 5-yr ex-
posure and multiplied by the observed He flux [42]. We
learn that AMS02 may indeed detect secondary 3He in
a 5-yr analysis. To further quantify this result, in Fig. 5
we show the Poisson probability for a 5-yr analysis of
AMS02 to detect N ≥ 1, 2, 3, 4 3He events. The calcula-
tion assumes an 3He analysis with the same exposure as
the 5-yr p¯ analysis of [28].
CR anti-deuterium. The d¯ analysis is analogous to
that of 3He. The d¯ flux is plotted in Fig. 1, for the range
of B2 given in Eq. (13). AMS02 5-yr 95%CL d¯ flux
sensitivity in the kinetic energy range 2.5-4.7 GeV/nuc,
estimated in Ref. [11], is shown by solid lines.
Summary. We calculate the flux of secondary cosmic
ray p¯, d¯ and 3He. Propagation details are irrelevant to
the calculation as long as consistent input data, notably
B/C and proton flux, are used to calibrate it. The chal-
lenge is in deriving the correct production cross section
in pp collisions, the dominant astrophysical source, for
which accelerator data is scarce.
Using a scaling law of coalescence with HBT data we
derive a novel estimate of the yield of 3He in pp collisions.
Our results are consistent with preliminary pp data from
ALICE, motivating a dedicated analysis of B
(pp)
3 by the
collaboration itself. Direct d¯ data in pp collisions are also
consistent with the HBT scaling.
Our prediction for the pp→ 3He cross section is larger
by 1-2 orders of magnitude compared to most previous
estimates in the literature. The astrophysical secondary
flux of 3He is potentially within reach of a five-year
exposure of AMS02.
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9Appendix A: accelerator data for nuclear yield
and HBT radius. The accelerator data analysis re-
ported in Fig. 3 is summarised below. In all analyses,
systematic uncertainties are important, related to the use
of imperfect pp→ p¯ (and, where required, pp→ pi) cross
section parametrisation, the treatment of threshold ef-
fects, and in some cases to the lack of complete informa-
tion from the experiments. We do not attempt statistical
fits but merely compare the data with Eq. (6) to extract
estimates of B2 and B3.
We consider only data corresponding to d¯, 3He, and t
production. Low CME data such as [62] (pA) and [63–69]
(AA) demonstrates that production of d and 3He nec-
essarily involves additional processes that are different
from the strongly inelastic formation of anti-nuclei that
is of interest to us here. In particular, the approximate
CME-independence of B2 and B3 that is found in high
CME experiments is broken for nuclei production very
near and below threshold (see e.g. Fig. 28 in Ref. [70]).
Before proceeding to details, we note that different
data sets probed different kinematical regions, and it is
useful to understand which kinematical regions dominate
the astrophysical secondary source. A first rule of thumb
is that only low-pt data is directly relevant to the
astrophysics. We demonstrate this point by computing
the CR flux, restricting the source term to anti-nucleus
pt larger than 1 GeV. The result is shown in Fig. 6. As
can be seen, the anti-nucleus CR flux receives only a
small contribution from the range pt > 1 GeV. Second,
in Fig. 7 we plot the contribution to CR flux coming
from pp collisions at different ranges of CME.
We turn to Fig. 3. For the HBT radius R:
• pp Avg E766 30 GeV (R): Ref. [19] reported av-
eraged pion HBT radius in fixed target pp collisions
at proton momentum of 27.5 GeV. Their analysis
indicates R ' 0.8− 1.2 fm.
• pp ALICE 7 TeV (R): Ref. [20] reported kaon
HBT radius in pp collisions at
√
s = 7 TeV. The
HBT radius weakly depends on transverse mass mt
formt & 1 GeV. We use the HBT radius data at low
charged particle multiplicity and mt ' 1 GeV since
such a radius is expected to represent the proton
HBT radius at lower
√
s. We find R ≈ 0.5−1.1 fm.
In Fig. 3 we join this result to that found above
from [19].
• pPb Avg NA44 450 GeV (R): Ref [21] re-
ported the averaged proton HBT radius in pPb
fixed-target experiment at proton momentum of
450 GeV. They give R = 1.25 − 1.58 fm, which
we use in Fig. 3 to describe pA systems.
• PbPb Central/Off ALICE 2.76 TeV with
high/low pt (R): Ref. [22] reported the anti pro-
ton HBT radius in PbPb collision at
√
sNN = 2.76
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FIG. 6: Contribution of high-pt region to the secondary as-
trophysical production of CR anti-nuclei. d¯ and 3He curves
use B2 = 1.4 × 10−2 GeV2 and B3 = 1.9 × 10−3 GeV4, re-
spectively.
TeV. The anti proton HBT radius weakly depends
on pt. We pick up four types of the HBT ra-
dius: two centrality classes (central: 0 − 10% and
off: 30− 50%) and two transverse momenta (high:
pt ' 1.4 GeV and low: pt ' 0.6 GeV).
• PbPb Central NA44/NA49 158A GeV (R):
Ref. [23] reported the kaon HBT radius in central
10
R [GV]
101 102
J 
[1/
(m
2 s
sr
G
V)
]
10-7
10-6
10-5
10-4
10-3
10-2 pbar
s1/2<12 s1/2>2512<s1/2<25
R [GV]
101 102
J 
[1/
(m
2 s
sr
G
V)
]
10-10
10-9
10-8
10-7
10-6
dbar
12<s1/2<25s1/2<12 s1/2>25
R [GV]
101 102
J 
[1/
(m
2 s
sr
G
V)
]
10-12
10-11
10-10
10-9
10-8
He3bar
s1/2<12 12<s1/2<25 s1/2>25
FIG. 7: Contribution of different
√
s collisions to the sec-
ondary astrophysical production of CR anti-nuclei. d¯ and 3He
curves use B2 = 1.4×10−2 GeV2 and B3 = 1.9×10−3 GeV4,
respectively.
√
s values in GeV.
PbPb collision at 158 GeV/nucleon. We use mt '
1 GeV data.
• AuAu Central STAR 200 GeV (R): Ref. [24]
reported the proton HBT radius in central AuAu
collision at
√
sNN = 200 GeV. We use data at pt =
0.6 GeV.
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FIG. 8: B
(pp)
2 from ISR
√
s = 53 GeV pp → d¯ data [52, 53],
using p¯ and pi− cross sections from [39] subtracting a 19%
hyperon contribution.
For the derivation of B2 (upper panel of Fig. 3):
• pp ISR 53 GeV (B2(d¯)): Ref. [51–53] reported d¯
production in pp collisions at
√
s = 53 GeV. Fig. 8
summarises the analysis of [52, 53] data, which is
the range that we quote in Eq. (13).
The high rapidity data from [51] requires care,
as our baseline p¯ production cross section from
Tan&Ng [39] is inaccurate in this kinematical
regime. Ref. [71] reported pp → p¯ cross sec-
tions in the same kinematical regime, where [39]
over-estimates the data by a factor of 2-3. (That
would lead to a factor of 4-9 underestimate in B2.)
The lowest pt pp → p¯ cross section measurement
from [71] is at p¯ pt of 0.15 GeV, allowing us to ana-
lyze the highest pt data point in [51] (out of a grand
total of 3 data points), where the d¯ pt is 0.3 GeV.
With this, we findBpp2 (d¯) = (0.7−1.7)×10−2 GeV2,
consistent with Eq. (13).
We do not analyze the ISR data from [72], follow-
ing the discussion in [73] that pointed out to po-
tential inconsistency in the cross section reported
for different values of pt. A quick check, however,
suggests that B2 inferred from [72] is roughly con-
sistent with the other ISR data we analyzed.
• pp Serpukhov 11.5 GeV (B2(d¯)): Ref. [54]
reported d¯ production in pp collisions at
√
s =
11.5 GeV. This data set is both low CME and
high-pt. The Tan&Ng [39] pp → p¯ cross section
fits are consistent (to better than 30%) with the
pp→ p¯ data reported in [74] for the same set-up at
pt < 0.8 GeV, but overestimate the data at higher
pt with a factor of 7 discrepancy at pt = 2.2 GeV.
(That would lead to a factor of 50 underestimate
11
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FIG. 9: B
(pp)
2 from Serpukhov
√
s = 11.5 GeV pp → d¯
data [54], analyzed using pp → p¯ data from [74] subtracting
19% hyperon contributon.
in B2.) In Fig. 9 we analyze [54] using pp→ p¯ data
from [74].
Refs. [13, 15] discarded [54] from their analyses. In-
deed, our B2 derived from [54] is significantly lower
than that found from the ISR [51–53]. While we
don’t see any obvious reason to exclude [54], we
note that it corresponds to a kinematical regime
that is not directly relevant to secondary CR d¯ and
3He, as seen in Figs. 6-7. For that reason we do not
include the Serpukhov data in Eq. (13).
• pAl/Be SPS 200-240 GeV (B2(d¯)): CERN
SPS pBe and pAl fixed-target d¯ data in the
forward direction and at proton momentum of
200, 210, 240 GeV were reported in Ref. [58,
75]. The nucleon-nucleon CME energy is
√
s ≈
19.4, 19.9, 21.3 GeV. (Note that production of d¯ at
rest in the centre of mass frame corresponds to lab
frame d¯ momentum plab ≈ 20 GeV. Lower/higher
plab means backward/forward momentum in the
centre of mass frame). There are no absolute cross
section measurements, but rather relative yields,
e.g. d¯/pi− ratio in given momentum bins. We find
that p¯/pi− data from [58] are reasonably well de-
scribed (to ∼ 30%) by the Tan&Ng cross section
fits [39]. To analyze the data we multiply the ra-
tio d¯/pi− by the pp → pi− cross section and di-
vide by the relevant power of pp → p¯ evaluated at
pp¯ = pd¯/2 to extract B2. Note that the need to
use pp→ p¯, pi− as part of the process to extract B2
(as opposed to deriving B2 directly from the SPS
pA set-up, for which, however, we are not given
sufficient information) may lead to additional sys-
tematic uncertainty. The analysis is summarised in
Fig. 10.
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FIG. 10: B
(pA)
2 from SPS, plab = 200 − 240 GeV, d¯
data [58, 75]. We show the inferred value of B2, with er-
ror bars reflecting only the quoted experimental uncertainties
on the d¯/pi− ratio in the given hadron momentum bins. We
use pp → p¯, pi− cross sections from [39] subtracting a 19%
hyperon contribution.
• FNAL pBe/Ti/W 300 GeV (B2(d¯)): Ref. [76]
reported large-angle d¯ production in pBe/Ti/W
collisions at 300 GeV incident p momentum. The
kinematical regime of this data set, pt > 2 GeV,
makes a negligible contribution to the astrophysi-
cal source, and p¯/pi− ratios from this measurement
are not reproduced by [39]. Using a combination
of d¯/p¯, p¯/pi− ratios and pi− production cross sec-
tions from the same data set, we derive BpBe2 (d¯) =
(1.5 − 2.4) × 10−2 GeV2, BpTi2 (d¯) = (2.8 − 4.1) ×
10−2 GeV2, BpW2 (d¯) = (3.2−3.8)×10−2 GeV2, for
pt = 2.29 GeV. These results are then multiplied by
a factor of 1.5 to account for hyperon contribution
to the p¯ cross section in those analyses.
• PbPb Central/Off ALICE 2.76 TeV with
high/low pt (B2(d¯), B2(d)): Ref. [56] reported
B2 for d and d¯ in PbPb collision at
√
sNN = 2.76
TeV. The data shows B2(d¯) ≈ B2(d), with weak
dependence on pt. We pick up four types of B2:
two centrality classes (central: 0 − 10% and off:
20 − 60%) and two transverse momenta (high:
pt/2 ' 1.4 GeV and low: pt/2 ' 0.6 GeV).
• PbPb Central NA44/NA49 158A GeV
(B2(d)): Ref. [70] reported B2 for d in central
PbPb collision at 158 GeV/nucleon. B2 weakly de-
pends on pt and we take the pt ' 0 data point.
• AuAu Central STAR 200 GeV (B2(d¯), B2(d)):
Ref. [77] reported B2 for d and d¯ in central AuAu
collision at
√
sNN = 200 GeV. The data shows
B2(d¯) ≈ B2(d), with weak dependence on pt. We
take the pt/2 ' 0.8 GeV data point.
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FIG. 11: B
(pA)
3 from SPS, plab = 200 − 240 GeV, 3He, t
data [58, 75]. We show the inferred value of B3, with er-
ror bars reflecting only the quoted experimental uncertainties
on the 3He/pi− and t/pi− ratios in the given momentum bins.
We use pp→ p¯, pi− cross sections from [39] subtracting a 19%
hyperon contribution.
For the derivation of B3 (lower panel of Fig. 3):
• pAl/Be SPS 200-240 GeV (B3(3He), B3(t)):
The analysis of the 3He and t data from Ref. [58, 75]
is analogous to that described for d¯. The systematic
uncertainties here are more severe, because the p¯
distributions are sampled at lower momentum and
because they must be raised to a higher power to
extract B3. Our analysis is summarised in Fig. 11.
In quoting the result in Fig. 3 we discard the highest
plab data point.
• PbPb Central/Off ALICE 2.76 TeV with
high/low pt (B3(3He), B3(
3He)): Ref. [56] also
reported B3 for both
3He and 3He in PbPb collision
at
√
sNN = 2.76 TeV. The data shows B3(3He) ≈
B3(
3He) with weak dependence on pt. We pick
up four types of B3: two centrality classes (cen-
tral: 0 − 10% and off: 20 − 80%) and two trans-
verse momenta (high: pt/3 ' 1.4 GeV and low:
pt/3 ' 0.8 GeV).
• PbPb Central NA44/NA49 158A GeV
(B3(
3He)): Ref. [70] reported B3 for
3He in cen-
tral PbPb collision at 158 GeV/nucleon. B3 weakly
depends on pt and we take the pt ' 0 data point.
Ref. [78] reported BPbPb3 (
3He) = 1+2−∞ × 10−6,
BPbPb3 (
3He) = 1+2−∞×10−5, BPbPb2 (d¯) = (1−1.5)×
10−3, BPbPb2 (d) = (0.7−1.1)×10−3. In addition to
the PbPb measurements, AA and pA results from
other experiments were also summarised, report-
ing BpA3 ≈ 10−4, BpA2 ≈ 10−2, similar for mat-
ter and antimatter. In particular, the SPS pAl/Be
data of [58] is quoted as BpA3 (
3He) ≈ BpA3 (3He) ≈
2 × 10−4. However, no derivation is reported, and
the latter result – while it agrees with expectations
from Eq. (11) and with other data in Fig. 3 – does
not quite agree with what we find in our own anal-
ysis of [58].
• AuAu Central STAR 200 GeV (B3(3He),
B3(
3He)): Ref. [77] also reported B3 for
3He and
3He in central AuAu collision at
√
sNN = 200 GeV.
The data shows B3(3He) ≈ B3(3He) with weak de-
pendence on pt. We take the pt/3 ' 0.8 GeV data
point.
Finally, we have also analyzed a number of interme-
diate CME pp and pA experimental results for matter.
While this data appears to be generally consistent with
the trend for antimatter, we do not add it to Fig. 3, as
it may lead to upward bias in B2 and B3. Very low
CME nuclei production data [62–69] shows that matter
coalescence (or fragmentation, in this case) contains ad-
ditional channels beyond those available for antimatter,
that may contaminate the intermediate CME regime. For
completeness we summarise our results below.
• pp Serpukhov 11.5 GeV (B2(d)): Ref. [54]
also reported the d yield. We analyze the data
using pp → p cross sections from [74]. We find
B2(d) ∼ B2(d¯) × 2.2. As in the d¯ data from the
same reference, the data corresponds to low CME/
high-pt.
• pAl/Be SPS 200-240 GeV (B2(d)): Ref. [58,
75] also reported the yield of deuterons. The cross
section fits of [39] are inaccurate for pp → p,
meaning that we cannot repeat our exercise for
the d¯ analysis of the same reference. Instead, we
use Fig. 4 of [58] to estimate of B2(d), finding
B2(d) ∼ B2(d¯)×2.5. Note that Fig. 4 of [58] uses a
Hagedorn-Ranft model to translate relative hadron
yields to cross section. However, the same model
fails to reproduce the relative hadron yields in [58]
(see Fig. 2 there). The estimate of B2(d) derived
this way should therefore be taken with caution.
• FNAL pBe/Ti/W 300 GeV (B2(d)): Ref. [76]
also reported d production. Following a similar
prescription as we did for the d¯ data, we derive
BpBe2 (d) = (0.9−1.3)×10−2 GeV2, BpTi2 (d) = (2−
3)×10−2 GeV2, BpW2 (d) = (3.0−3.8)×10−2 GeV2,
for pt = 2.29 GeV.
• pC/Al/Cu/W 50 GeV IHEP-SPIN (B2(d)):
Ref. [79] reported B2 for d in a collision of 50 GeV
proton beam with targets of C, Al, Cu, and W:
B2 = (1.1− 1.5)× 10−2 GeV2 for pt ' 1.4 GeV.
• pC/Al/Cu/W 50 GeV IHEP-SPIN (B3(t)):
Ref. [79] reported B3 for t in a collision of 50 GeV
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FIG. 12: Comparison to previous work. Top: d¯ flux. Bottom:
3He flux. We convert d¯/p and 3He/p ratios from Chardonnet
et al [12] using AMS02 p flux [41]. For Duperray et al [13] we
take the result including the direct pp → 3He channel. For
Herms et al [16], the d¯ prediction is the same as in [14]; for
3He the upper thin line corresponds to their estimate allowing
pc(3He) > pc(d¯).
proton beam with targets of C, Al, Cu, and W,
giving B3 = (0.8 − 1.5) × 10−4 GeV4 for pt ' 1.8
GeV.
Appendix B: Comparison to previous work. Our d¯
and 3He CR flux prediction is compared to previous work
in the top and bottom panels of Fig. 12, respectively.
In what follows we present a detailed discussion of this
comparison.
Chardonnet et al [12] found pc = 0.058 GeV for d¯, cor-
responding to B2 ≈ 1.7 × 10−3 GeV2. The analysis in-
cluded Serpukhov [54] and ISR [51–53] pp→ d¯ data, and
was based on p¯ cross sections from [39]. The choice of pc
was made to match the Serpukhov data, which yielded
the lowest value of pc (and thus of B2). We find that
fitting B2 to [54] gives a result that is lower by a factor
of ∼ 5 than that needed to fit [52, 53] 3. As discussed in
App. A, we (and similarly [13, 15]) use the ISR data [51–
53] in Eq. (13), rather than the value found based on the
low CME, high-pt Serpukhov data [54]. To fully com-
pare our d¯ flux with [12], we need to modify our phase
space factor R(x) to match their different prescription.
We show the result in dotted line in Fig. 12, reproduc-
ing the expected factor of 5 between our d¯ flux and that
of [12].
For 3He, Ref. [12] simply used the same value of pc ob-
tained in the d¯ analysis to derive B3 ≈ 2.3× 10−6 GeV4.
In addition, direct 3He production was neglected and
only the pp → t channel was considered. The net result
is a CR 3He flux lower by a factor of ∼ 100 compared to
our prediction.
Duperray et al [13] (following [73]) found pc =
0.079 GeV for d¯, corresponding to B2 ≈ 4.4×10−3 GeV2.
The analysis collected together pp and pA data sets in
a single statistical fit of pc. As Fig. 3 and Eq. (12) sug-
gest, this could pull the fit artificially to low B2, if the
underlying physics satisfies BpA2 < B
pp
2 . In fact, consid-
ering the ISR pp → d¯ data [52, 53], the global fit of [13]
is systematically below the data by a factor of about 2
(see Fig. 1 in [13]). Restoring the factor of 2 gives a
result consistent with our Eq. (13) and, given the mod-
est difference in pp→ p¯ parametrisation, reproduces the
difference between our d¯ flux and that of [13].
Some more details: for the high rapidity ISR data [51],
we reproduce the result of [13] using their pp → p¯ cross
section parametrisation, but we find that that parametri-
sation overestimates the pp → p¯ data of [71] by a factor
of ∼2. This may explain why the fit of [13] underesti-
mates [52, 53] while at the same time slightly overesti-
mating the highest pt data point of [51]. The need for a
careful treatment of pp→ p¯ cross section in analyzing [51]
was also noted in [73], who, however, extrapolated the
pp→ p¯ cross section fit derived in [71] to pt significantly
lower than it was made to describe. Moving to pA data,
our result for B2 derived from [58, 75] agrees with [13].
The main difference between our d¯ analyses, therefore, is
that we do not enforce BpA2 = B
pp
2 , such that the low B2
derived from [58, 75] does not control our Bpp2 result.
For 3He, the pc = 0.079 GeV of [13] translates into
B3 ≈ 1.5×10−5 GeV4, which was compared to the sparse
data from [58, 75]. Our parallel analysis summarised in
Fig. 11 gives consistent results. However, as can be made
clear by inspection of either of Fig. 11 here, Fig. 4 in [13],
or Tab. 2 in [58], the sparse data leaves room for roughly
3 Our result for B2 derived from the high rapidity ISR data [51] is
higher than that of [12] by a factor of about 7. This is explained
by our use of different pp → p¯ cross section fits to analyze this
data set. As explained in Appendix A, the Tan&Ng [39] fit over-
estimates the high rapidity ISR p¯ yield [71] by a factor of ∼ 2−3.
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FIG. 13: Comparison of pp → p¯ production cross section
parametrisation in the ISR set-up [52, 53]. Ref. [15] chose to
use PYTHIA 6.4.26 to calibrate their 3He production.
an order of magnitude of systematic uncertainty in BpA3 .
The main difference between our 3He analysis and that
in [13] is, therefore, the conclusion: Ref. [13] made their
prediction for Bpp3 based on the (poor!) B
pA
3 fit to [58,
75], while we (i) allow room for a factor of few uncertainty
in the 3He yield from [58, 75], and (ii) expect Bpp3 > B
pA
3 ,
based on the HBT scaling argument. Finally, another
factor of ∼ 2 enhancing our predicted astrophysical 3He
flux compared to that of [13] comes from a difference
between our phase space factor R5(x) and that found
by [13], at the relevant range x ∼ 15 − 20 GeV. The
net outcome is a factor of ∼ 50 between our 3He flux
prediction and that of [13].
Cirelli et al [15] used PYTHIA 6.4.26 [80] to simulate
p¯ and n¯ production in pp collisions; fitted a coalescence
momentum such that the calculation matches the ISR
pp → d¯ data from Ref. [52, 53]; and then used that coa-
lescence momentum to calculate 3He production. The di-
rect channel pp→ 3He was dropped, and only the pp→ t
channel included. The basic building block, pp → p¯, n¯
cross section, was not calibrated in [15] to accelerator
data, but simply taken from PYTHIA. We have made
a comparison of the pp → p¯ cross section computed in
PYTHIA 6.4.26 and by the Tan&Ng [39] parametrisa-
tion, for the ISR set-up [52, 53]. The result is shown in
Fig. 13. Note that Ref. [15] subtracted the contribution
of long-lived Σ and Λ baryons from the p¯ cross section
entering the definition of the coalescence fit. The codes
differ by a factor of ∼ 2 in the relevant low pt region,
with PYTHIA 6.4.26 lying below the Tan&Ng [39] result
which, however, does a fairly good job describing low pt
ISR data. The end result is that the 3He flux by [15] is
a factor of ∼ 2 below that of [13], and a factor of ∼ 100
below ours.
Ibarra & Wild [8, 14] did the following exercise. First,
in [8] they used pp → p¯ cross sections from PYTHIA
8 [81] to fit a coalescence model to ISR pp → d¯
data [52, 53]. Then, in [14], the same pc was plugged into
DPMJET-III [82] to calculate the CR d¯ production. This
time, an empirical
√
s-dependent correction factor was
used to bring the original DPMJET-III pp→ p¯ cross sec-
tion into agreement with experimental data from [83, 84]
(at the
√
s = 53 GeV of the ISR, for example, DPMJET-
III underestimates the p¯ multiplicity by a factor of ∼ 0.7,
while at
√
s = 6 GeV [83] it overestimates it by a factor
of ∼ 2).
The end result of this exercise is that the CR d¯ flux
prediction of [14] is lower than that of [13] by a factor
of ∼ 3 (where we recall that the d¯ fit of [13] already
underestimates the ISR pp→ d¯ data [52, 53] by a factor
of ∼ 2); and lower than our prediction by a factor of 10.
Herms et al [16] adopted their d¯ production from
Ref. [14], discussed above. However, for 3He production,
a different set of cross sections is used. We do not enter
a detailed comparison to their results. However, we note
that following [10] (that focused on a dark matter source
for 3He), the possibility is entertained that different coa-
lescence momenta could apply to d¯ and 3He production,
leading to a potential factor of & 10 increase in B3 com-
pared to what would naively be deduced by using the
same pc; this enhancement is compatible with what we
suggest here as our baseline hypothesis.
A general comment should be added in comparing re-
sults based on event-by-event Monte-Carlo (MC) gener-
ators, as done in [8, 14–16], to the semi-analytic Eq. (6)
that we used in the bulk of our analysis. As discussed,
for example, in [14], the MC calculation takes into ac-
count correlations in the hard process that could modify
the coalescence yield near threshold by a factor of order
unity. We can quantify the effect by comparing an event-
by-event PYHTIA calculation to a calculation based on
Eq. (6), where the underlying p¯ cross section is taken
consistently from the same PYTHIA tune.
Our results are shown in Fig. 14, focusing on pp → d¯
production. The top (bottom) panel correspond to
√
s =
53 GeV (20 GeV), respectively. Above threshold – in the
top panel – the MC calculation gives identical results
to Eq. (6), for both PYTHIA tunes. At lower
√
s, in
the bottom panel, the event-by-event PYTHIA 6 calcu-
lation falls below Eq. (6) by about a factor of 2, while
the PYHTIA 8 event-by-event calculation is consistent
with Eq. (6) to about 50%. We conclude that the event-
by-event calculation method is in reasonable agreement
with Eq. (6), when both methods are based on the same
underlying pp→ p¯ cross sections.
Finally, Refs. [12–16] treated CR propagation within
specific models, including the leaky-box and homoge-
neous thin disc+halo diffusion models, while we simply
used the secondary relation Eq. (1). As demonstrated
by the p¯ data in Figs. 1-2, apart from some potential
O(10%) effects that are unimportant in comparison
to the particle physics cross section uncertainties,
details of propagation are irrelevant to the calculation
as long as we keep to the relativistic regime. At low
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FIG. 14: Comparison of pp → d¯ production cross section,
derived by the event-by-event method and by the analytic
coalescence formula Eq. (6) using an underlying pp→ p¯ cross
section from the same PYTHIA tune. We use the PYHTIA 6
and 8 versions of Fig. 13. Top panel:
√
s = 53 GeV. Bottom
panel:
√
s = 20 GeV. Both panels use pc = 160 MeV.
rigidity R . 5 GV and correspondingly low energies,
complications due to the details of propagation in the
mildly non-relativistic regime; solar modulation; energy-
dependent fragmentation cross sections entering the
grammage analysis; etc., render the analysis complicated
and model-dependent. For that reason throughout the
paper we restricted ourselves to R > 5 GV.
Appendix C: Phase space correction. Following [46,
73], we insert a phase space threshold correction R(x) in
Eq. (6), given by the ratio
R(x) =
ΦN (x,mp)
ΦN (x, 0)
, (17)
where
ΦN (x,m) =
[
ΠNi=1
∫
d3pi
(2pi)32Ei
]
(2pi)4δ(4)
(∑
i
pi − P
)
(18)
with P =
(
x,~0
)
is the phase space of the N = 2 + A
mass m nucleons of available CME x that are minimally
produced along with an mass number A anti-nucleus.
Our results for R(x) obtained by direct integration
differ from the results in [46, 73]. For reference we
plot our result for R(x) in Fig. 15, that can be directly
compared to plots in [46, 73]. To judge the numerical
importance of the correction factor R(x) to the anal-
ysis of laboratory data, note that typical kinematics
in [58, 75] imply x ∼ 15− 20 GeV, while the data in [54]
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FIG. 15: R(x). For d¯ (3He) calculations we use R4 (R5).
corresponds to x ∼ 9 GeV.
Appendix D: The p¯p → 3He source. In the body
of the paper we considered d¯ and 3He production in pp
scattering. However, given the known CR p¯ flux, some
contribution to the CR d¯ and 3He flux should come from
p¯p collisions. This source could in principle be important,
despite the low p¯ flux, if the production cross section of
anti-nuclei is higher by a factor of 104 or so compared to
the pp cross section.
Light nuclei production in p¯p scattering was studied in
Ref. [85] at
√
s = 1.8 TeV. We estimate that the cross sec-
tion required for p¯p → t to produce an observable ratio,
3He/p¯ ∼ 10−5, is on the order of
(
dσp¯p→t
dy
)
y=0
∼ 1 µb.
The result of [85] was
(
dσp¯p→t
dy
)
y=0
≈ 0.8 µb; on general
grounds, the process should satisfy σp¯p→t = σp¯p→t. This
could suggest that the contribution of p¯p collisions to the
CR 3He flux is significant. However, the experimental
yield for d production reported in [85] was surprisingly
close to the t yield, with σp¯p→d/σp¯p→t ∼ 3. This is to be
contrasted with an expected O(100) hierarchy between
the A = 2 and A = 3 cross sections, a cause for concern
that some systematic may be at play. For that reason
we do not analyze in detail the p¯p → t data of [85].
Clarifying the validity of the
(
dσp¯p→t
dy
)
y=0
result of [85],
through careful examination of possible systematics by
the experimental collaboration, is highly motivated.
Appendix E: Input cross sections for grammage
calculation. Our calculation of secondary CR anti-
nuclei relies on experimental data of other secondary and
primary CRs, notably the B/C and C/O flux ratios, in
order to calibrate out the effect of CR propagation via
the CR grammage Xesc. In turn, the derivation of Xesc
via Eqs. (2-4) requires knowledge of decayed nuclear frag-
mentation cross sections. (For a recent collection of ex-
perimental references, see [37].) The fragmentation cross
section data is typically specified only at low energies,
. 2−4 GeV/nuc; we extrapolate this information to high
16
energy assuming that the cross sections remain constant.
The experimental uncertainty on the most relevant cross
sections – the reactions 12C→11B, 16O→11B – is of order
20%. The projectile specie included in the calculation
and the benchmark cross section values we use are listed
in Tab. I, and refer to fragmentation on hydrogen target.
These values are based on data summarised in Ref. [86–
92]. We extend the result to account for He in the ISM,
assuming number density nISM = 0.9nH + 0.1nHe and
using the formula in Ref. [93]. For the total inelastic cross
section of B, we use the formula in Ref. [93].
TABLE I: Benchmark decayed fragmentation cross sections.
reaction benchmark cross section (mb)
12C→11B 55
12C→10B 14
16O→11B 25
16O→10B 9
14N→11B 30
14N→10B 9
20Ne→11B 14
20Ne→10B 2
24Mg→11B+10B 15
